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TECHNICAL REPORT R-71

JET-BOUNDARY CORRECTIONS FOR LIFTING ROTORS CENTERED IN

RECTANGULAR WIND TUNNELS

By [lxm_Y If. ll,,:w<>x

SUMMARY

=1 lheor_lical anahj,_i,_ pr.vide,_ _um. rica! rah..s

of tt_e corrcctim_ .factor. The resull._' i,dicale thai al

bigl_,,_pec,l._llw corr_.ction,ware the ,wtm_.a,,< tDoxefor

a wing bul tDal at low ,_'peeds,for l/._ caxc,_"con-

sider<'d,t/.,r_"ix a lar_.l<"tu,..d-imb_ced upwa,_'/_at

U :rohn'. I.crcaxin9 l/..rotor size decrea,w,xU.' col

rectimt, factm',_' for wide wi.d lu..el,_ but has little

('lct_(+('l tl])()D lilt (:OI'IT(!I?'O#I .f(ICIOI'N ill deF]) II(l#'/'Oll'

wi_d l,,,ds. '/'lie correelionx m'e equivalent to <t

wind-tum_el-imhwed rate of climb (or ,¢'i.k), and

cow_'idemble cnr_. will be required in the application

to rcr9 low sl.'ed fligld comlitio.,_'.

INTRODUCTION

With lifting rolors, ,is wilh wings, a l,:nowh,(lg(,
of the effect of jet boundaries is necessary in order

to correlate successfully wind-tunnel lost data

with similar data ohtaim,d in free flight. Required

jet-boundary corrections have been sludied ex-

tensively for wings (refs. I to 3); however little is

known al)oul tim corresl)onding corrections for a

lifting rotor. Most investigators, thorefore, have

lwt, n reduced to assmning either that iho jet-
bmmdary eorre('/ions for a rotor are the same as

lhose for a wing or that (,hese corrections are so

small that they may be negh,(qed.

The present paper treats the jet-1)oumlary cor-

rections for a rotor centered in a rectangular wind

tunnel. The method used is sitnilar to that used

previously for wings; thal; is, images are arranged

around the exterior of the test section in suell, tt

manner that Clio conditions imposed by tim jet

boundaries are met. The significant difference

from a wing investigation is the use of a wake pa, t-

tern which is more representative of a rotor wake.

Nlore Slwciqc'ally, the rolor wake is represented by

a skewell elliptic wwicx c.vlilJdcr which, as shown

in references 4 and 5, gives a reli,_onatdt, approxi-

null ion io the Itclil,i] flow fMd of a liriing rolor.

For the liinitinlz t'liso of a Vallishinlzly ._iiilil]

rolor, ilS well il_ for llie iiiiilges which _il'O ['ar

distant frolii the test section, the i'otor \Vi/l,;O tilltV

lie rvdill'ed Io :l shnl)lO skewed line (if" point

doublets. This al)proxinialion grl,ilily i'i,liilei,s
the lal)or inv()lve(I in ilillllel'il'i/[ ealeuhlliollS

while, at the SilliiO tilne, it, preserves the ossonlilil

feli llii'e of l he rolor wake, wliich is tile large

downwind deflection of tile flow.

Xunioi'icai rosulls are given for t:,,vo dif[erent

wind-lilnnel-waH eonfigurlllions: ()ne is eonit)hqoly

closed lllld the ot[ior is closed Oll the l)otloln Olily'.
The clllculaled ('orl'oelioli fil('lOl'S (!ovlq' li wide

raii_e of wiiid-lunnel widili lilid heiglit, rotor

diliineh, r, and wlike skew llligle. _evol'a] olher

effecls which hilhienee the eorl'e('lioliS are lrollled

less (_Olnl)h'te]y ; for (,Xaliil)h' , tile efl'e('t of Iti17]('

(if Itttlicl,: is cltleulated only for Ic vluiishingly

siila|l rolor, aiid tho disiribulion of lile inter-

ference velocities over lhe rotor is calcuhlled only
for o11o cliso,

SYMBOLS

AR area of rotor disk, sq ft,
.4r cross-sectional area of wind-i unm,l lest.

section, sq ft
vector disttmce fronl ltn arbitrary point

itl space to vortex elenient (see

fig. i), f_
semiwidth of wind-tumwl test seciion,

ft

Ch lift, coefficient, 1 Lift

o V_S

1

B
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Thrust,

thrust ('o(,ttMent, p-rlfX((_iD, .,

vector length of vorh, x elenlent ft
seniiheight of wind-lunnel ((,st section,

ft

unit vectors along x-, y-, and z-axes,

resl) e('iively

fmwtion related to imlu('ed vdocity

('ontril)ution of one image wake
lift ('oe/ti(,i(,nt as used in ri,ferelwe 3,

Lift

(listlm('e along roior wake, ft

integers (see e(I. (19t)))
strength of (loubh, t, ['O/see

indu('ed vt, lo('ity w,('tor, h/see
roh)r radius, ft

radM distan('e froui (,enter or rotor, ft

wing area, sq ft

vet'(or dishm('e from origin to vortex
eh,monl in w_d((', ft,

and wind-tunnel wqocity,

indu('ed velo('ity, I)osilive up-

ft/sec

indured velo(.ity at ('mltt, r of
l

rotor, positive upward, --'2 ({7,9.1l,
• X2,i'/,te-_ -

['t/see

vertiral induced velo('ity at an ar|)i-

lrary l)oint near a rotor in free flight,

I)ositiv(, upward, ft/se(,
verti('al inh,rferen('e veh)('ity at ('enter

of rotor, positive upward, fl/se('
Cartesian ('oordilmtes (_enter(,d in rotor

(d' iil(;aSlll'e(t l'Otll"_,Vltl'd, ,_/ lllOIlStll't'd

laterally at the right, z measured

upward), (see fig. 1)

height above the ground, ft

mlgle of llltm'k of lip-pnt]l plane,
radians

jet-boundary-induced angle, radians
('irculation, s( 1 ft/se(:

wind-tram(,1 width-height ratio, B/H

wind-tumwl jet-boun(lary-(u)rreetion
flt(,tor

V sin a +wo
rotor inflow ratio, li/l'

forwllr(1

f t /S('("

vert Md

wiir(I,
vi, rli('lll

" COS Ol

# rotor til)-Sl)ee(I ratio, - .ql_

p il/aSS density of air, s|ugst('u ft

a ratio of rotor dianieter to tunnel widt, h,

R,f B

0,_ potential of Ii shlgle doulilet sq fttsee

0_, pot.ential of it senii-inflnile skewed row

of doublets, sq ft/see

wake skew angle, t.ll.n -i _-Xe, (legX

_// rot.or liziilllit.h ling|e, nlell.sure([ front

downwin(l t)osition, rll(lians

{). rot.or rotlttiona| speed, rlldill.ns/se(,

Not, t,intt, COilil'al'y to llSllal 1)ra(qiee ill rotliry-

wing s ,u(lics, all indu('e(I illi(t ilit(,rferell(,e velo('iiies

are colisidered }tel'(,in lo t)o positive when (lirerted

I11) wllrt [.

THEORY

INIIIUCED VELOCITY OF ROTOR In I,'REE AIIi

Rotary-wing indu('ed-velo('it,v lheory is bllsed

tlpOll ttll il,SStllned vortex wake (:onsisting of a

skewe,[ elliptiral cylinde,' formed from it uniforni

distrituiion of ('ir('uhu' vortex rings (fig. 1).
The in(lu(.d velo('iti(,s for the rot,or wake in free

air ar,, found by int egratiilg the Biot-Savart law

i

_[__ -/_Y (x,,',zl

x FIGURE l.--Assumed wake of rotor in free air.
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where x, y, and z are measm'ed from the center of the doubh_t.

For tile senli-inlinit(, lille of doublets, th(' I)otential fun('tion qS_ is

)1 m*x_
(-_-,! (:'-_ I cos x)dl

4,_==--J. .... [(_:- l sin x)'_--+-_#+ (,3+ l cos x)_'l :_
(10)

where x, y, Lind : LH'e now measm'ed from the end or the doublet row as in tlgure 2.

Eq(mtion (10) may be integrated by means of items 162 and 170 of referen('.e 6.

limils, lit(, resull is :

After sul)st i! uting

) dm*[ z+oosx__Y+;.l_"--z2 ]_=- _7- i, .,'_-:-u_+_:+_(_o_x-.,, ._,,,x).,.."_-i: :_
(11)

The vertical induced velocity will then be the parliM derivative of 6® with respe('t to :, or

'u,.. b::-=-- d! I'(xx_+yZ+z_-f-zeosx--xsillx)(,.'-'+yZ-+ .z_):*_

°2L_ '" ",., _- _2 " "l
-L(, _ i: ,f+ 2-_+_:e_sx--xsi,, x) ,,_:_if___ J f (12)

In order to r_,lale the strength of the, line of doublets to (lmmtities not'mall)asso('ial(,d with a

I"mLTRE :2.--_Vake of "L very small rotor as representc(t by

a semi-infinite row of verlically directed doul)lels.
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rotor, note that, in consequence of equation (8),

din* ll2 dI"
- dl .... 4 -dl (13)

Itowever, the induced velocity at the ('enter of tile rotor is (eq (5))

so that

1dr
w,)= 2 dl (14)

d m, * II _
ill =w. _ (15)

Substituting equation (15) into equation (12) and non(]imensionalizing the resull with respect to
II, the semiheight of the wind tmmel, yiehl

r i. x \2 / y \2t,) +rio,woI{ '2I

w_=--2H _ [[ /(H) +(i_)_+(H) ;ices sin x jEt,f) -t-(_) -l-tli) ..jx--Ii ....

{ }}[,/(.)+(,,)+(,,)+,,,.,,__-_,._,,,_],,(,,)+(,,)+(.)
06)

which, after some manipulation, may be rewritten in the sam( form as equation (7a); that is

v,_ w,,_ir -- K //,ll, (17a)

whel'e

x e y, e(_,)+(.)
" L_,U>)+w,)+_;,_+;,,.o.__1;._:,,_][(,_)-+@-+(,_)]

z " :.q'_ _:'_ z * • /:U 'l _.i'l z[_/(.)+(.)+(,_)+, ,,o._._,,.,,,_v(,,)+(_)+(_)

SOLID LOWER BOUNDARY

In the ease of a rotor the wake is inclined sharply

across the airstream and, in general, will intersect
tile floor of the tunnel at some short distan(,e down-

stream. In the [)resellt analysis the wake is con-
sidered to continue downstream coinei(lent with

the tunnel floor. In order to salist_" the condition

of zero flow through the solid boundary, there will

be, aln(>llg others, a mirror-image wake directly

below +he boundary. This nfirror-image wake

also flo.vs along tile boundary after it intersects

the floor. Since. these paris of the two wakes are

of equ,,1 and opposite strength and coincident,

they m ty t)e ignored in the calculations, and the

wakes ]my t)e considered to t,ermimU, e at the point
of int er_ection.

(_onsi(ler first, the flow cause(] only by the rotor

wake in the test section and t)y the one image wake
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dire('lly he]ow it (Jlg. 3). By sup(,vposition, from

either equation (7) or equation (17) th(, v(,z'ti('_d

induced velo('ity is given 113"

w=w,) L.|r --r K If if

x ?1 "--K li--tan x, I1' II ÷ 1

+I£ (}i--t',m x,

• . x ?/

• --.: .,)

:,11'

where, now, x, y, m_d .: are m(,asm'(,d from the (,rot

of the U|)l)er or "l'oal" wake.

FIC;URI_; 3.- _V:tke and image ;v'tke directly I)clow floor of

wind tunnel.

It will t)(, ol)sorw'd lhnl 1t11' SUl)('rlmsitions used

in (h'v('h)pin F ('qualion (l,":,) roquire thal the rotor

hns zero angle of atl:wl.:. The eft'(,('l of angle of
alia(q,: will I)(, dis('ussod at length in a suhs(,(tuent

s(,('lion of this lml)('r.

WIND TUNNEl, WITH SOLID LOWER BOUNI)ARY

'l'h(, lwo win(l-tunn(,l ('onfiguv_Jtions ('onsid(,red

in lifts I)al)[W have solid lower 1)oundari(,s. An imli-

('atio. of th. ('Oml)h,te inmgo syslem required 1o

z'(,pr(,,_.nH ih(' tloumlary conditions for the ('hls('(I

i unn(,l is shown in fig'ure 40_) and that for t h(,

lunm,l whi('h is ('h)s(,d on lhe I)ollom only is sh.wn

in ligure 40)). I1 may t)(, seen lhal thos(, image

systems are similnr to lhos(, for wings, lmage_ are
refh,eted a(.]'oss solid lloumlari(,s with Ol)I)osite

sign so as to m(,(,t the rt'(lliil'(qll('nl ()f' Z('l'O ll()l'lllitl

v('hl('ity at th(' boundary, and imng(,s are volh,('led

:wross I','ee 1,)un(hH'ios with like sign so as 1o meet

the ('ondilion of _l (.onlinuous l)r('ssur(' gradient

a(.ross the t)oundary. It tony further t)e seen that

all imagos o('('ur in s(,ls i(h,nli('al to lh(, simple
soli(I-tloundarv wake and image dis('ussod in 1he

previous se('tion. Thus, t)y SUl)(,rposition, from

equation (18) (with the following suhsiilutions:

x x ?/ ?/ 2mB y z z 4M/ z
II 11' 11 11 II II 2m7; II II li II

--4tt) the h_te(fer,'t,ce velocity at the ('ent(,r of the

-6 -5 -4 -3 -2 -I

J

G

>-q

©©

©@

©
©
@
G

m

0
z

Wind tunnel--

I 2 5 4

(a) Closed wind lunnel.

FmUR_Z 4.--Image system rel)resentin_ eff('ct, of wind-tunnel I)oundarios.

of vorticity as wake in wind tutmel.

Plus signs

5 6

2

('- -r

(a)

in(licat(, same direction

I

/7

o

578.q:¢4 61 2
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-6 -5 -4 -3 -2 -I

@
@@

-- I

Wind tunnel

z'F)

o ( 2
z

i

3 4 5 6

i
T

(b)

(I)) Wind tumwl do..,t.d (m hm ()m only.

"Fl<t']u.: ,1. ("(mdudec.

tesl section is fmmd t_ bp

_,V}I (H'('

( 1,% )

tl = ll_j,_(]

. ' .r ,r !/--2m7 -- z++4.--'>)

. ( d' H'--/1 -')±_'_ _tI -t''n x, i[' II --

where p=0 fin' the closed tunnel _nd p m _. fro.

the ltmm,1 wlfich is closed on the Imltoln only.

Nolice t[mt the terms corresponding to m _+-0

_H'o omitto(| from the sunmtatiott but _tr(, tel)re-

sented sct)urMely ut the end o[' equation (19b).

These tinnl Ire'ms do not ire'huh, the term relWe-
senlitlg lhe semi-itdinile rotor wake ilse[f, since it,

is only the iulerfere_ce velo<'ity which is of

prhmtry ('ottcern herein.

XVhell the skew +mgh, x is 90 ° the wake pro-

gresses directly downstre_mt and twvt.r inters<,cts

1")) (191))

the lmm' boundary. Thus, for this ease, the

second, fourlh, tiflh, _uM seventh terms on lhe

righl-h:md si&, of equ_dion (19b) are zero nnd
m_tv bc ignored.

F|IEE BOUNDARIES AT VL'|_Y LOW SPEEIDS

Jt wit1 be ,rated fief. 8, for example) tlm_ the

bout_,:[ury _'ondition l'<-w_, free boundary depends

Ul)On t l <,in(hwod velocities being smMl in compari-
son with the wind-tt, mtd w'lovily. For very low

sp(,eds (low sk_,w angles) this {'omlitimt is largely

violaled sine(, tit(, indu('ed etre<,ts m_tv b(, large
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even w}wn tlwrotori_small. In theliulliting('_l_(,
of I.)v(,ri.,_ (x 0), the ",vin(l-tunn(,l .i,,( ,I,.,_ ,.>t
(,yen (,xist a);d IF., fr(,(, I)o,m(hJri(,_ will have u,o

eft('('(, q'hu:, for 11., wind tmm(,1 ('onsi(h,red h('r('in

v.hi('h i._ _']()s(,(| on the bolt(m] ()ltly, th(, cmlv
1)omMarv v,hMi ('(mlril)ut(,s an inltc,rf(,ren('(, v(,l()('-

it',il_ hovcl'i_gi_ihe tumu,|floov, t&woiher very

low forward _p('('(ls tlw (,])(')l I)ouml.ri(,s ',',ill
('())ltril)ut(, s()ln(,what (() the t.:)(al int(,rl'(,ren('(,,

.lihou(,'h (hi.'-; ('o.tribu(ion will ul()t n(,('ess_lrilv 1)(,

(h:lt in(li('a((,(l I)v the ('al('uhLl('d ('orr(,(.ti(ms.

(%ns(,qut,ntly, f()r h)w forward sl)('('(ls, th(, itLl('r-
f('l'('n('c veh)('iti('s are nssum(,<lh(w('in lo lie I>(,lw('('ll

lhos(' ('rd('ulat(,(I for the coml)hq(, lunn(,l and lhos(,
('al('ubd(,d for the lunm,] floor only.

If i( zmtv be assumed lhal tilt' tuzlne[ floor is

('ff('('(iv(,ly of intinit(, wi(llh rath(,r thm_ of width

'2IL the ('(wr(,(.li(m f_wtor for the flo()r only may

b(, ol)tain(,(I from (,(tuatio)l (10b') t)v omitting all

|(q'lllS ('X('('I)I the las( three. At 11.' ('('nl(w c)f *t

v(,ry smMl rotor, al)l)endix A shows that the
('orr('(qi()n fa('lor for the tunn(,l t)()l(()tn r(q]u('('s

to the siml)lt, v form

8.,_ -- ('(_s_X+ 20')
71"

'[qle (.orrespotl([(,n('(, c)f the ('()rr(,('tiou factors

for th(, wind-tun).,1 floor only (o ._r()und ('ff('('t
is obvi()us. This sul)j(,(.( is dis('uss(,(t ilJ r('i'(w-
('nee 9.

OP'EN IX)WEN{ BOUNI)A RY

If the Iov,'(.r tw)und_u'v of (he jet is fr('c, the

errors in('urr(,d ,,',ill t)(, even _'rea(er sin('(, th(,

wake a('tuallv in((,rse('ts (his fr(,(, t)oun(l_,ry.

Figur(, 5 is a dust tlow l)holo_'ral)h of the th)w

_'('n('rat('d by a rol()r a( h)w speed in a ('omph, t(qy
Ol)en wind (unn(,l. It may b(, s(,(,n that the wal.:e

is (h,H(,('((,(I (.Oml)h,t(,ly out of the wind tunnel.

Thus, with a t't'('(' h)v<(,r surfa(,(,, th(,r(, is stun('

dout)t a,'-; 1() (h(' a('tual l)oundary von(lition r('-

(tuir('(t. ('n(h,r ('on(lilions as s(,v(,r(, _ts thai shown

in figure 5 th(,r(, is ('v('n ('onsiderabl(, doubt lira(

th(> win<t-tumwl rt'nul(_ t'au t)(, ,_u('ct's_l'ully cor-

rebttcd with any l'ree-llight, uondition. A( mod-

(,rat('ly large sl,ww anT:le._, th(,, v,al,:(, ,,,,'ill _tt)l)r(.)_).(.h
(he low(,r surl'a('(, of the airstz'(,am som(,',vh(we

within tit(' ('!()s('(1 r(,turn i)a._sag(,. ['ml('r these

conditions, the ('tt'e('t of finite jet length (r(,l'. 10)
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,"-: ",×L(?_x ,x',,_ , ,-,<

'" H tan (X-_)

FI(IURE 6. _\"Ike of snudI rotor oI)eraiin_ at, "tn_le of

•_ttttek in wind ttmlm].

was (l(,riv(,d in a pr('c('(li))g s(,('(io)) of this pap(,r.

The imtuced velocity for a wake oi' horizontal
(h>ul)h,ls will now l)e derived.

For a single horizontal forv<ar(l-directed (loul)h,t,

the potential qS++is
-- Ill*d!

¢,,:_..... .,__ .,,.+<., (21)
ka:_ .)l'T.-"/"

wllt'I'(" a +, :)], stilt] 2 l)+I'o lllell.stlr('d fl'Olll the ('elltel' of

the doul)h,t.

Thus, for a setni-iniitdte line dig. 7) of su<'h

douhh,ls, the potential ¢.. will l)c

d )))_

'" d-/ (_'--sin xld/ "'w> ++
¢=---. ,, I(*--IsinxT-'+/t24 (:+l('+osX)']' + (.>9)

The vertical induced velocity will then be

_°=-"'"+LF(, .,:wo,==_: - dl .,,_+:/%;+2+[_s x_.r.4. x)(.,..,+_.,__.zgi+,+

Y

<

i/

/

(a) Wake in free air.

]:'lC, t.utE 7. W+ik(: of horizontal doul>let, s.

(a)

w])ere ,,', '9, nnd _' are now m(,nsured from lhe

start of the line of doubh'ts.

E<luat.ion (22) may I)<, integrated l)y means of
items 162 and 170 of refer('twe 6. Arter sul)-

stilutin._ the limits of itIle_ration, the result is

--'h+++_(s-sin x_/+,,/+ ,Y)
d!

+ (_.'_+!/+z'N.s cosX--+rsm xJ_.r-Nq-q ,C

(2a)

+ (+_:-+'"_"++:/+ +) (_ >"±>_,"+!/+ _)1
(,"_++i'-_+._ ,,o,_x--, 4,, x)"(/+:i_+_;9-J (:_4)

Fitmlly, after tm)Mim(')_siomtliza(iott (and the use of c<I. , 13)), equation (24) may I)(, rewritlen as

"1"[?: (H " _S)],, =,= +e,,,;l r K ' ;7' (2+5a)
_'Ilc'I'(_

, :, .;, {._ (_)(;,)
K(,P/H'H]--- F /,.,.,,_ ,_]c_ .,;;.,_ .+ .- .... :;_ -[ ' + z :

LL_,t,_) +t+) +tj+)++,,o,_-,5+,,,,1[(+)'_-(+)'+(+)'-]+"

[,, ._..,/(,,>+(,)+<,,)j[,_+,,o+.<(,,>+(.>+(.>]
(251,)

[./(,,)+@+0,)+,,<,os,_,:,,,,,.][(.)+0,)+(>9]
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Z

_d' /

-- -ib X

(b) Wak(, all(| imzt:__:edirvctly 't)(qow floor of win(| tunnel.

]+'I(; (:RE 7. (:otwht(h'(I.

Figure 7(I)) shows the ('oral)ira(lion of h()rizonta|

tlotfi)h,t w_tk(, _u)d im_tg(,s whi<'h s_+tisfit,s th(, <'on-
ditioH of a solid floor I)elov: lht' rolt)r. It will I)(,

obs(,rve(I tirol the ('tft'<'ts ()[' the real ,u<l im_lge
xv_t],:t,s lr_dliug _floHg the floor do not ('an('(,I I'(+t'

this case. (Note tlmt su/li('it,n! ((mn(,l velo<'ity is
,ssuH+('<l so tlutt the wul+.t' does tr_fil reavxv_+r(I.)

ivvstt,+td, the (,fft,('ts or these x','+tl,:t,s vtow ,(hl. If

it is ol)st, rved that the wal,:(, ttlollg lh(, |h)ov' is

ith'nti('al tt) th(' wal,:t' at x_O() ° (('x<'t'l)t for I)('i]l_
(li+_l:,l_,('<'ddowttwar(l aml r<,arwat'(1), the ('olltril)w-

tion of the Ix,,'() w+tl,:es al<)ttg the th)t)v, iv+ terms ()f

I:, m+Lv I)t' fotm_t (tiv'('('tl'c from e(tuati(m (25t)) as

'x !/ -

[ (+_,..,,x-)c++,)2: " _ .q " ,_ 2 ;/, ,1: 2 ':./(,,-',,,,_)+(.)+(.+')-.+',,,,_][(.-,.+,0+(:s)+(;,+,)']+"

/i -- l,tt 1) / ;] _ .... -- : : L] i __-_,(,,-t.,,_)+(:s)-+(;,+,)](;,+,)
+ - ._ ..... ._ -_E./¢:,-,.,,_.)+(_,)+(,,+,)-,,+,.,`__IE(,-,.,,'- _ " " " _)+(.,)+(:'-:"_

The use o1' e(Itm t (oH (2(;) t him _tlt er,'.+the eXl)r('ssioH ror t h(, cot're<'t it)v+I'_,'tor (see (;q. 191))) to the form

_r [(,, -)(; :_ ;, )2">' _,® _, (--l) p t_ -]1, ii-2m% 11--4/+, --IC. i--,',,+ x, --2,,+_,, --4,,41

k.

+2K[:_ x _,, z . x
• = , // // -]

-}_1._Ix_ (}t]_ t,t.t] X, _,_ :/_ 1)_t_ 2[C, :,=+:,r -' (__ta,t yX, 7_, /)_.}_1 ) (27)

wh('re, ag+tin, p--0 for lit(, closed ttutn(d nnd ],--m+l_, for the tumwl which is ('h)st'd on the

I)ottoJll only. Whet+ the skew +mgh' is 90 °, the wake never itfl(,rse_.is the wiHd-ttttmel ttoor, st)

that the s(,<'ond, fom'lh, iil'th, sixth, ('iizhth, at+(I ni_Hh terms t)n the t'ig]_t-hand side of (,(lt,tti<)n
(27) are zt, ro tttv<l may bt' m,gh'('t('(I.
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x,'ldtleS of the jet-boUlidal'y-_'orrection I'at'tt>r fan bt, ol>taiJled by in_el'tin+z t}u, v_thlt,_ of N oblaim,d

from equations (,231))aud (26) into equ:llion (27).

The correclion l'aelOl'S for the wind-tunnel floor only, wh ch involve the last four terms of equation

(27), may Iw expressed in sintlfler fro'in (appendix l',) iu this c;ist' ulso; tirol is,

NUMERICAl, CALCULATIONS

The t,tluations For the wiud-tunnel jet-boundary-

t,orrt,vtion l'tictor+ (m .+, _iven by eqs. (7b), (17h),

(lgb), and (25b) were progl'alned for use on il

high-speed alltOtmltiv <'Olnlluting )naclline (IBM.

704 eh,ctrotliv data ])l't:.t't'+siil_ hint'trine). The

Stlmlnatitms ++ere Cltl't'ied tnH ttntil +u[dition|tl tel'mS

were )if' lilt' order of 0.<I0001 o[' llw st)in of the la.,.+t

t}u't,i, terms o[" etltlathm (19b). Thi: occasit)|mlly

|'etlHir|'t] let'ins +'+it]) "¢a]ue: of _'_++or n a: g'l't'ilt a.'-;

t2. For the small rotor to- 01, t'at'hcot)tbimliion

oI'7 and × rt,quirt,d uppl'oximately 30 _t'rtmds of

ctlmFm! it)_ time.

For finite-size rotors (0-_0), the vahlt,s ol'I_

(,t'q. (Tb)) were olilainetl by t'Olnputiti_ '_>40 values

of the inte_rttlld around the azititllth and then

inte+r,ltit)g l>v meat)+ of _impson's rule. All tel'mS

of the sut))nmtiol) for whMl the ti.l>sohlte values

_>['lloth m trill[ /++wt, t't, less thau or equal to 2 wel'c

CtHlil)lltet| ily ]ileallS o[' equation (7). '['tte effect

of itna_es ral'iht,r rt, t)LOVt,d l'nnn the ori+zin |hun

this was COmFmh'd l>v a:sttulin_ llmt the rotor

was Slmtll (t't I. (17)), sint'e at tllese distant.es the

difl'et'etwt' betweett the two l)l'oeedures S/lOldd bt,

negligibh', l'{atht,r than recotnpttte the ell'eft of

the distant illlilg't'$, their contributitm to 6_, was

merely saved l'rt)tn tht, <_ ()<'alcuhttitms and then

added intlnuall+v to the coi'rl,(qi(in for the Inort,

centrally located images.

Tht' eat)acity of the ctmilnlting lilt)['|lille lilt)d)" it

po_sihh', even fc, r fiuilt'-_ize rotor's, to t'OlnF.tl(e the

cor|'t't'tiotl factor fc, r tim t'losed tunnel, the lUi)ln,l

+']oSed on ibt' bottom oil|y, aJnJ tJ)e l/llllll'] ]loot

truly ill pal'alh,| with ea_'i) other. A total of ap-

proxiutatel.v 5 minutes was required to t'onlpute

all llu't,e nuluel'ical results l'tw eat'h t.ombimniou

of 7, a, and X. For tilt' Sl)t'cilil cllse of x=9() °,

vthere liitiliv lel'lUS o|" equlltion (19b) ill'l, always

zero, this iinn' wtis redu<'ed to ttpproxiniately 3

iiiinutes.

The (.llh'tlhlled eorret'lion ['ticlors ['or ll.D_-<_

"2.0, 0-<7-<0.9_]. and O<x-_<90 ° tll'e ])re+elite|| in

lallh's I to IV.

1)ISCUSSION

¢OmPAmSOn WiTh wln{:_

It is t+l)sel'ved (fig. 4) lhiit for u vt'rv small i'olor

ill x--:g() °, lilt, coinph, ie s.vslt,lil o1' wiike iliitl_es is

l'edut'ed Io it s.vsletii (l[' +ellli-ililillile verlit'aily

direcit'd line doulJiels (which tire identical to liie

vorit,x doulihqs ot + ref. l) ].vili_" lilOli+t' tht, <'eliler

tines of tile Itlllllel iilili_t,s. Hi)ice tile iliitiTe sys-

tiC>lit+ /',{I/ 1}1<+ it-ill 7 lill(] |<il' lit," 1'¢)1o1' lit X [)t) ° ill',{'

i|h'ntiual, lilt' caleuhited vorl'eclion I'tit'lors I'tll" tile

wing ill d [or the 1'o|o1' should Itlso I>e itlt,iitit!lil.

_ot('., ]owl!vet', lhat lhe in'eselit results tire ex-

pressed in teriilS of the rolol' induced velocity ,,,,.

()" ]Q+ liiel'e wilt lit, i/
Shiee it X {ill<:>' u+<>-- 4 -- 2'

|'Oil+it|lit ['tt<'loi' of --4 or --',2 ) ]+t,lwt'l,il ltie |li'eseilt

results :tnd tilose o[ i'eferenees 1, 2, ttlld 3. i

The tah'uliiletl t.orrt,t'li<;,ii I'a<.iors [i't)ln refei'elit'e

3, ill ||''ills o[ tile presenl definition, lll't' Iziven hi

ttibh_ V, wltere they Ill)iV I)e t'onipiired with tile

results o[ the F,reseni cah'uliliion. Silt't) sniill]

dill'eren 'es Its Ill't, showll iil'e iuel'<,lv ii IlleilSlll'e lit'

tile tlt'[_ il'ttt'v I>f tile t'onlpulint_E pl'ot'e<|ure.

Shiue the wltke o[ it whi7 is Vel'V shiiillir lo llial

o1' li I'Oi()l' tit high forwin'ti Sllt't'lls, it Woilhl lit' ex-

l)et.le<[ thai lhe corre<'iion I'itt'tor+ for II finile-size

l'Otot', in lhe liinilhl 7 east' of X =90o, would I)t,

hh,nlh.t 1 ttl those for lilt ellipih'Itlly loaded whllZ.

'/'ILl|hi t'/ _/ioW_ ii <'Olll|ilil'i_Oli tie(wtq'll t/It' I)I't'SPII[

1 )'_cfoFl'li *U 3 tSlq' also ref. 2) _:tllud _i[tt'illioll to eertaill el'rors h/the orilzill_t]

VOlSiOl/of I !fiq'tqlOP l_ in GOllTtqllltql('e of whieti _ili t'1 I'il{li sliel!t, ",', a_ _i)>lll'lllit+d

_0 rl2feFt!II_[ 1. _'[tijor i'evisi<illS 'i'¢l!rl! lli_ldt! llefol'l, i't,ful>tqi(+( _ / llf_l_ ill(!Ol 1 iorlJ._lq]

inlo Lhe E _htl,eitt.h Alllllltt] I{t, llorl, of t|ll' '_'._.C':'x (1932). The lltllllPri(,tll

vtlltlt!s of I] e eorreelion file[or for tilt' elosed-_lll-bot Ioni-only ",'. ind ttlnllel> ill

p_trticuhu', W(q'e (+oinl)h>ttqy F(,cOI]l))lltt+(t+ The II1'%%' V_l]lleS_ hox,,'l_ver, wPii +

tiPll_!.reltll) ree_tlotlltitt!ll from lhe eqlltiti<iliS of ll,llq'eil(!t! 3 withotif0 regttr<| to

Lhe list! o[ I_ . rather th:lTi ('L in (hilt ptlper+ 'l'hlls, eVtql in tho r0vised vt, rsioll

of rPfel'Pllt'( ], the [40rT'lWliOil f_{!toT's fOF the elost,d-OIl-t)ottolTl+oIlly x;ind ttlnnd

are illcorre, t [iy tl I':l[!tOl" tilT.
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results and those for a wing (l'(,t'. 11). [1 will b(,

ol)s(,rved that the ('orr(,(.tiolt f_l('tol's I'or Ill(, wing

im([ rotor, in g(,rl(,ral, ['o[[ow the sllill(' lr('n(Is, but
tirol there _l]'(' dift't'r('lw('s whi('h ill('l'eIIse (is lhe

:ix(' or lhe roll)r in('reas(,s. The major reltson I'll('
tilt,so diffl'rt,ll('('s is ihII1 tim (.t)rret.iioll t'llviol's for

the wing wt, rt, ('onll)Uled ou tile basis (if an _t:er<ige

int('rft'r('n('e ill'ross Ill(, spli]i, ',vll(,r(,tts the ('orr'e('-

lions for lhe i+olt)r were <ll)lainl'({ t)v (.onll)Utinl£

the illt(,rf'(+r(,n('(, Ill the rotor ('(+nt('r o,/!/. The dis-
t.ril>utiotl oi' the ittterl'et't'ut'(' ve!(l('it v tlv('i +the rtitor

will b(, (lis('usse(I sitl)s(,guently.

EFFECT OF WAKE SKEW ANGLE

Fi_'ur(' <"; show: the mannl,r in whi('h ihl, ]et-

I:,ou]t(lltrv ('ort'('('lions for _t s_lltll rotor \_tl'y wilh

WIIl,:e skew llligle, lit ffl'it('l'lll, for both wiiiil-

luiinel-wil][ eOlitigurlilions invesli_illed, lhe inler-

I'ereli('e vl'!oeilies, wliii'lt lll'[' i(lenliultl lo lhose of

il \Vilig ill 7( (.it) °, rill)idly ('hliltgp lo htdii'llle Ii

]Ill'7(, ill(lu('(,(I uliwIish (is ill(, skew itli_'lt' itl)l)i'oal'hes

z('i'(). The ('}lllll_'(; WiI}I skew lilly'l(' i7 gl'(,lll(,sl I'()r

the wind i I111iu,ls wit h lit(' la rgesl widt ]i-}leigiii i'li t io

']'tit, reliSOli for this ('iiiilig(, is prhnllrilv II gr(,llll)

iiwreilst'd effect. (tl' the tullnel floor. This eft'eel

lilliV 1)(, st,ell in tiT'[ire _(b) wii(,l'e lh(' wind-luninq

('orr(,(qlon flit'lot's (.lost,Iv lil)l)i'()lil'h llie vorr(,(,lion

I'll(qoi's for tit(, lunnel /hi(it ()nlv as Ill(' skew

ilii_2'[(' lil)l)l'oli('hes iel'O.

]11 I're(' /liThi, lhe wnk(' sl,:(,xv :/li_l(' ili('r(,lis(,s

]'Itpi(lly frotit zero in hoverilig. ]:or It lyl)i<'al ,

|ighlly ]oltded ii/'[ii'opl('l' i'olol'_ ske\v lilig[('s of _()o

1o 90 ° lit'(' ollliline(I Ill lil)-Spel,d i'litios Of tile oi'(]er

Of 0.10 io 0.1D. 'i'hus, I'(ll' wiiid-lunne| tesls Ill

('ruising lln(l ]li_'il-Sl)eed fli_'hi ('on(iilions (high

sk('w ling'les), liJ(, wiillt-llililiel ('Ol'i't'('liolis for II

rolor Ill'(, e_seutiilllv (lie Sill[it' Its llio._e ['(tl' it whl_.

Ill hovering, liud in l hi, Irilnsili(ni Sill,i'll i'luig(,

{[o\v Skew l/llT"|('S), ]iO\Vever lit(, ]et-l)oundlu":

('oi'r(,(!lioiis will lie Illil('h hil'{.{er liii(i will ('hlllig(,

rlg)idly with f()rwlird \'e[o('ily.

EFFECT OF WIDTH-HEIGtlT RATIO

For the two wind-iunnel ('onfigur_ltions (,x-

tlinined, fi_2"tire 9 siiows thlil there is ilo width-

iloight rIllio wllivli yi_,hls _l zero-('orre('|iol/ whtd
iunne| for _lll rolor tlil.elii ('on(lilions. ]:ol' high-

skew-llngl(, flight ('on([ilions lh(, wide fill[lit,is ill'(,

prol)lll)|v superior sin('e i]le ('orre('lioli fli('lol's lll'e

SOlilewhat .snilll]ei'. ];or lesls Ill Vl,l'V low Sl)el'(Is ,

[iow(,ver, lhe silulilion is re','ers('d, aiid it Illii.v })('

t)i'el'('rlil)[(' lo ]my(' II llill'l'()v: (le(']) lesl seclion.

'l'tiis is plirii('uhlrl.v lrlle for low-st)cell sllllic-

:iat)ilil.v tests of hu'g'e rolors, Siil('e ihe vlirililion

in l]ie (,orr(,(,li()n fli(_loi's wil]l Sl)ee(l ['(it' il with,

Ill[lilt'| ill[iV Ill, [ill'_t, ellt)tl_h to i)rodtire serious

('rror_ in tile sllll)iliiy (h,rivllliv(,s wilh resl)e('i io

\'eltwit.y.
EFFECT OF ROTOIi SIZE

"('hi, t'al('ullit('d j(,1-t)ouudllr.v-('orr('('iion rlt(.l(lrs

t'Oi' rotors wiltl fill[it' size lll'e stlowll grilphi('idlv ill

flgul'('s 1() nnd I 1 (is li ruil(.li(nl of' ltl(, rlilio of rolor

(tilllii(,ler lo llililiel width _ llii(t iii [iglli't,s 1'._) [[lid

13 [is il ['lili('li()li o1' \vlil,;(' skew Iing](,. [']Xillilililili(lit

of lhesl' flgul'('s hl(liellles lilill lh(, corr(,('li(;,n fiil'lors

Itl'e iiilhi(,ll('(,(I It)a lilt'g(' d('gl'e(' l)y till' r_tli(i o['

i'ol()r (lillliiel(,r Io llliiil(,l wi(tth ;lii(I lhlil llie (h'_'rl,(,

Of ilil]llelll'e is [l/rgl'l.v de])l'li(li'l/I ill)lilt 1)olh lhc

wnl,:(' skew IlliCit' lind file winll-I ulin(,l wi(ll h-ln'i_']il

i'_ilio. [11 g(,ilei'iil, Ill(, Foliowilig lrentls iiiav lie

ollserve(I, l:or wind fill[lit,is wlliuli hllv(, 7['(,tiler

width lhlltt li('iT'til, iliITelis('(l r()lor size enlliils

lillt.itii' I'etiut'lioltS ill lhe ('orl'e('liOll I'Itcloi'. '['his

I'edu('li(ni is _2'r('alesl lit lit(' low sl<(,w lin{2'l('s lisso-

uillle(l ,,vilh hov(,i'ing and lrllnsllionItl []iT'hl. 'l'he

l'(,(lu('li()n (if file (.orr(,(.tion fli('lor ih,('r(,lises Its lit(,

wi(lih (if the lllllllel (l(,('reltses, until Ill. vitlu(,s oft

Oil tit(' ()i'll(,[' oF 0.D lhe ell'e('l ()1' I'olor size (tit ltie

eori'e(qion I'n('l(ir is ver.v :niltl[ liii(I in Still[(, ('Iis(,_

l_(,g[igil)[l'.
EFFECT OF ANGLE OF ATTAI;K

It, wIis poinlcd out in IL previous set'lion thai ill('

(,tt'('(!l of liligl(i of lil.l.il('k could, ill ill(' case of ll

v(,r.v Sliiil|l rolor (o---:0), lie il('('otlnled for ltv tlsiiig

ill/ t'|]'t'('l ive v¢ll.kc- skew llligie. X--oz ([lid I)v ill('ltldhlg

lhe inlerf(,r(,n('(, ('Ill.is(,(| b v it \vnke of suilIli)lv

s(,[(,('l(,ll horizonlill ([ou[)[els. ]_igui'e ]4 (st,i, lilso

lilt)le IV) [)resenls tim jot-i)oundlu'v-('orre('lion

fil('lol'S for il wltke of }loriT, onlli] forwlir([-(lire('le([

dtiu[l[ets ()l' uilil streuTth.

l1 will i>(, oiiserved i llIli, tile ('orre('lioli faciol's

for the hlirizolitIil doublet wilke tire Ol' lilt' sIIIIIP

order of iilil<_'iiiluth_ i/i[(| s]iow tile Slilne lrentls

wit h skew llngh, its the (.orrecl ion ft_('loi's i)r(,vi(iusly

l)rl,sente(l for tile veriiclil dout)h_t, wtlkt,. ,,%.

(,<in[phi'is(in of I he t'o|'re('tion fiteloi's for lilt, vlu'h)us

wh/d-lllllll('| ('oli|igllrlll.iolls indict( es 1hat, as

be['ore, iiie wind-lunnel floor is r(,sponsit)]e for tile

lllltjt)l' i)ortioli of l}ie corr(,('tion.
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tu]mvl width-h_,ight ra_io.
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Rofio of rotor diometer t) tunnel width, 0-

(a) _,=2.0.

],']_:vnE 10.--Effect of ratio of rotor diam['ter to tun[wl width a on wi ld-tumwl j(q-boundary-corrcction f'Lctors for c[oscd

r_,ctangular wind tunnels with rotor mounted (41 wind-tunnel center lin('.
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The inte['feren('(, (x)rre(_tion l'll('tors, for both

]iorizont, lll ltiltl verti(ml (lout)let, Wilkes, have I)een

conlt)ine(I, as tireviously discussed, Io ot)illin liie

correction flt(_toi's ['or rotors Ol)eraiing ,it. lil)-t)alii-

])]illiO tingles or lll.t.li(!k or ± 5 ° u n([ _ l(t °. These

correel.ion Pa('iors for -y= 1.0 Ill'(! shown hi flgtll'(' ] ;_

lls lt_ fun('lion o[' i]le efre('live skew ltngie x--_.

]t is evident tiitlt lliig](_ of liltll(qc lilts ll signili(_lint

ofl'et_t u])on t, he ('orre('l.ion fli('lor. }[ovcev(,r, for

the angles use(l in figure 15, whi(']i ill'(, iyl)i('il] of

rotor tests, it, lipl)ellrs t,hal the ('}lluiges (]ue to

llngle o[' liltll('k should I)e Sltillll OllOtigil tlii_t the

])resent shnplo lr(!Itlnlenl will sldli('e oven when

the rolof is i'olisonal)lv large.

Figuro 15(c) is of 1)arli(_uhir inlerest, be('l_use of

its ('lose ro|alion to lhe l i'eatnient, of ground off'eeL

hi refel'l'n(!e ,0. llere, llligie of lilllick ait, ers tho

(_orr(,elion fa('lors 1)v llll lliino,_t ('OllSliilil ])Ol'-

(!eilllll_(, whMl is lll)l)l'oxhnlilel) + equlll io lwi('e the.

llllgio Of at, ta('l< hi d('_re('s.
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FXGURE 11.--I']ffect of ratio uf rotor (tiameter to tunnel width a on wind-tunnel jet-boun(lary-corr(,ction fa('tors for

rect'u_g, ular wind tunnel_ ('lo_(,d ou bottom only with rotor _llOHllt{'(t oil win(l-tunm.] c('nt(,r lira,.
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FI(;URI'; 12.--Effect of skew angle x on wind-tunnel j(,t-bounda:-y-correction f.tctors for oh}sod r(,ct:mgular

wind tunnels with rotor mounted on win, l-tmmcl center lira'.
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Woke skew angle, X, de4
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FIGURE t 2.--Continued.

(c)

90



JET-BOUNI)ARY CORRECTIONS FOR LIFTING ROTORS CENTERED IN RECTANGULAR BrlND TUNNELS 29

-.2

go -.4

.:_o

-.6

o

"_ -.8

-I.0

-I.2

-I.4
0

I

ti
20 5O

t
40 5O

Wake skewangle, X, deg

I

]
I

60 70 8o

(d) 7=0.5.

FIGURE 12. (tonclud_'d.



30 TECHNICAL REP()RT R 71-

0 i

NATIONAL AEI{ONAIT'I'ICS AND SPACE AI)MIN1STRATION

o

g

g

g

E

i
-2.4 i

0

cr

I_ i,,.

----Complele wind tunnel

.... Tunnel floor only

I

I

I0 60 70 8"0

Wake skew ongle, X, de]

(a) -_ :- 2.0.

]"[(:t'RL,: 13. Effect of skew :mgh' X (>n win(l-_umml jel-boun, lary-correction factors for rectarlguhtr

win(l tunn(,l,,, closed on bottom only with rotor mount(.d on win(l-tmm('l c_'nl(w lin('.
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Wake skew angle, X, deg

(a) Clos('d wind tremolo.
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6O

Fret m,: l-1. Wind-tunnel jet-boundary-corr('clio,_ factor:_ for a wakv of h()rizontal doublets.
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FIqURE 15.--l':fl'l'ct of angle of attack on wind-tulm('[ j('i-|;.mndary-corr(.ction factor. "y= 1.0.
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((') Wind-tu,m(q fl()or only.

l:I(;trtE 15. -Conctu(le( .

I)ItqTRIBUTION OF 1NTBRI"EREN(:E VEI.OCITY

Figures 16 and 17 show the distril)ution of the

tumml-in(hwed interl'eren('e vch)(.itv along t,he

major axes of the rotor disk for a case in whi('h

5' 2.0 and a--0.4. The inierf(q'(,n('(, velocity is

presented directly and was ot)t_fined 1)y noting

that the area ratio An/At in equation (19a) is

given I)y
.1. rR e _- ,
A r--4BII---4 ,r'-'y (29)

The inlerferen('e velo('ity varies widely over lhe

rotor disk. In partictflar, the peak interference

along the lateral axis is experienced at the ('enter
of the rotor, and a( all skew angles the interreren(.e
decreases toward the sides of the rotor. "I'll(,

interference velo(-ity distribution is not as simple

along lie longitudinal axis. Here the t)eak inter-
fm'l,n('e .>ccurs at the ('enter of tit(, rotor only when

Ill(' sk(,,v angle is zero. As the skew angle in-

creases, the I)oint o1' maximum inttwfer(m(.(, shifts
further r(,nrwa,'d until, for sk(,w ,mgh, s of 45 ° or

IlIOI'P, l ile illltwf(q'ell(_(' velo(.ily in(Teases lllOll()[()n-

i('ally from the leading ('dg(' to lhe trailing (,dge of

the rot)r disk. The p(,at,: value (if interference

iS, hO'W 'V('l', I[|XV_t'VS fOllll(| |O ()(*('Ill" V('I'V ll(qtl' It

vahw ol a'/I[of lau x. Note that ]_:ay A' or, in

* )this pal (icuhu" example, 1//=0.8 ?_-

The differences between ttw local int.erferenee

velocit 5 and the wdue at the renter of the rotor
in(licatv that some error has been incurred by

using only the interference at lhe cent.er of the
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75,97 to 90.00,.
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• _65.45
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i 14.04

+
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(a) Clos('d wirld tu,m,l.

FIavRE 16. ])istril)mion of j('t-homld_wy-imilwv(I ihterf(,rem,(, vvloeity ml 1.d(,r:fl :lxis of rotor. 7=2.0; a-.(I.4.

rotor in (h,t(,rmining lhe j(,1-t)om,hH'y ('orre('tion.

This is illustr_lted I)y figure 18 in whi('h, for this

case (a_().4, 7=-2.0), lh(, ('orreetion ['_l('lor b_ls(,(]

orl th(, average inierl'(,r(,m'c v(,lo('ity is ('Oml)_H'ed

with that ('Ollli)utc(l usillff only the ('entr_fl int(w-

fer(,nce v(,lo('ily. It may I)(, s('('tl that thv use of

an _tv(,rage value of int(,rl'(,r(,ll(.(, v(,lo('ity sigtlili-
ca_tly l'e(hl('('s the size o[ th(, jel-botmd_ry ('orr(,('-

lion at low sl<(,w _mgles hm theft t]_(,re is little

(liff(,r(,n('e ;_! highvr skew angles. Since, for a--0,

the i]aterfere]_('v velo('ilv _t lit(, e(,nl(,r is id(,_t i('a[ly

e(lU_l] to th(, average interferen('e v(qo(.ity, it may

I)e ot)s(wv(,(l llml lhv error ('aus(,(I by using only

the ('(,_tral itmwl'er(,N(.(, velo(.ily will (t('('re_se with

(h,('r(,asing rotor size.
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Fmu_: 16.- Concluded.
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(a) Closed wind tunm!l.

FIGURE 17.--Distr]l_ution of jet-boundary-i_lduccd interference velocity on longitudimtl axis of rotor, _,=2.0; a=0.1.
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(b) \Vind lut,h('l ('h):('d on botlom only.

I;I(;rRE 17. (?onti].._(I.
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I"[(;t']{}.: I,'4. (!otn])a]'isot_ of :tv[,rztg, v j('t-k)tJltH(]:tvy intt'rf('r(q_('(' with that fout_([ "tt r'otor cozit_,r. _=:2.(); a-=().+:l.

TANDEM ROTORS

\Vilh tandem rotors the win(1-ltmncl I)oun(larios

induce an interl'er(,n('e v(,lo('ity over each rotor

which is (lu(' only to the I)V('sem'e of the indivi(lu'd

rotor in the wi,d tumwl. In addition, an int(,v-

f(,r(,nce velocity at the fro_r rotor is indu('(,d I)y

the tmm(,l I)()(mdarics bc('at_se of the 1)resen('e of

the rear rotor, l,ikewise, there is a ('orrection

Ul)Ot_ tho rear rotor I)e('aus(, of tit(, pr(,sent'e of the

front rotor. For cxamph,, when ('onsid(,ring

equally loaded, nom)verlal)ped, ta_(lem rotors.

the tota[ avorag(' int(,rf(,r(,l_(!(, velocity a! the

front root is the sum (itE. 17) of the average

< f < 1 and the average it_ter-i_terferel we over -- 1 = l_' =
x

fcren('e (:vet --3 =<i_--<-1' whereas the av(,rage

int(,rf(,re_we velocity at. the rear rotor is the sut.

of the a :erage interferen('es over -- 1 _-<f- <R = 1 and
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1_/,_3. The inlerference ai lhe rear rotor

(fig. 19) is therefore nn,'h gl't_a|('l ' t]ll|ll lllll| ft)F I1

single rotor a.d il ren('hes a maximum at a skew

angle of the order of 55 °. The i.terferem'e at the

fron! rotor is _onu,wllnt greater than thai for _L

siilgh' rotor; }lowew, r, it rapidly lipproaclles l tie

singh,-roh)r ilaiorferenre lls the skew angle
i II (q'/ql SOS.

EFFECT O1" I)I_K LOAI) I)INTRIBUTION

The enlire nimlysis presetlted herein has heel!

co,,[i.ed to the rase of a uniformly loaded rotor.
The addiliomtl rtmsithwaiion of uontmiform disk

loading wouhl greatly ilwrease the diflit'ully of
oblaining ml/uericti[ results and therefore has nol

been attempted.

Some insight into the magnitude of the eft'eft

of nommil'orm disk loading can, however, I)t, ob-

t:tined froni previous work on willgs ill lht, wind

ltanm,1 and on rolors hovering iu ground ett'etq.

Since _t unifornllv loaded r(-)tt:lr ill higll-speed

flight (x 90 ° ) is equivlih,nt it:, an ellipiioally

loaded wing, lhc nlag'niltlde of lhe effect of rhanges
in load distribution should l)eessenlililly file same.

It is ch, nr (refs. 11 nnd 121) llial llle ett'erl of

chauging from elliplir lo uniforni loadilltz is small

and that it. may be acroun/od for simply by its-

staining ilmt, llw wing has a solnewhat shortened

span. Tlw SltllW' ll'Oitllltelll, should 1)e sufficient

for t lw roh)r as well, 1)rt)vidt,d llntl X is nt'ar 90 °.

]{eference 13 I reai._ tile clist, of unifornllv ||lid

ltOItUllifOl'lttlV loltded rotors ]loverillgr, (X 0 °) ill

Kl'Otllltl eft'eci. The calculalt,d resulls lIFO exarlly

equivalout Co tliose of lhe t)r(,st,ul piiper for ttie

case of ltie wind-lunnel floor only. The heigttl,

above llie grouiid Z,i]_ in reference 13 is i(tenlielt]

to l,/o-'v hi tile t)resenl l)al)er lull] lhc :,_derferel_ce

velocilies llliiy 1)o ol)laine(t tiy suliiracling lhe

in(hice(l velocities lit infinile lieigitt li|)ove l he

grotln(| front lhoso at niiy given vithl(_ of ._'_/]l _.

Vt,']len Iroltto(| in this ninnn(,r, the cal(!ulltled

results of ref(q'(m('e 13 ltl)l)ear |is shown in figure

200/), where lhe inlerftw(qice velo('ilies for 1)olh

uni['ornl lUll| lrianKuhu" disk lOll(linK are presenled

its It fun(q, ion of rltdiliS.

Figure 20(It) shows 1]ial tile (tislrit)ulion of l he

inlerferenc(_ velocity over the rotor disk is greally

affecto(| liy clllt_nges in disk load (lislril)ulion wJien

o-'7 is gl'('iller lliltn 1. Thus, ('orroclions Io lie-

tailed Inlqistireliioilts of rotor-blade pressure-dis-

trit)ulion nielisui'elnenls |'t)r eXlilnph, liiiglil lie

seVl, l'ply Itft'eried t>y liic aSSliinplioii of Illiiforlli

lolidin K. For sin|tiler ilit,liStll't, llienls, such |is lhe
(_vei'ai[ ['ort'es developed lIV the rolor, lhe resulls

Cllll i)rolml)ly lie t'Ol'l't,('lo(I It(letlilli|eiy Ire |tit, list,

of (tillv l]io liv(q'Itg(, illlel'ferellt'e vehi('ily over lite

(,lilil'O rt)lor disk. Th(,s(, liVel'liff(, veh)riiies lii'e

showil ill tlgiii'(i 20(1) where ii iiiav I)e set, it ltiltl

lhe ett'ocl ()f (']laiiges in (lisk load disiril)ulion is

slnltll.

AI'I'I, ICATION OF RE,"IULTS

For It wing', Ihe charticieristics in lhe win(t

lunne[ lil'O idenlil'nl ht lllost, ti[' |hi, SitlliO wiu K

ill)el'||lilt _' Ill li difrerenl nliKle of Itlllick hi free liir.

This hlterprelulit)n is nol ade(lulilt, in lhe present,

('|is(, Still'O, ill ]loverill 7 III1(1 Ill. Vl'l'V lovi S])ti('(IS,

llie c|ntracleristi('s of lhe rotor Itr(, ntl'e('l(ql 1)ri-

nilirily" t)v liie chling(, in inlltiw rnlher l]ian t)v llie

change in etre(.liv(, luiKle of lillli('k, li is for this

t'OllSOlt lhlii. 111(, ('OlTO('[i()ll fliclor is th,fint,d ]n,r(!in

in iel'nls of lin' indu('ed velority.

()he intert)retlllion of the presenl results is thai,

the inlerferen('e veloriiv represonls It. chluige in

l'ale of c]ilul) (or sink) li(,tween lhe ('orl't,sp(illtlillg

wilid-lunnel Itlld free-air flighl COlltlilions. This

inlerprelalion is vatid lhrouKitoul lhe enlire speed

l'allTt' of li rolor. In lhe liniiling cnse o1' hovering,

il is lile Old.'," possit)h' iiitt, ri)relltlion , illid COll-

si(h'rnl)h' care will be required in ct)rrelaling l]ie

rosulls rroln It|gill tint| wind-lunnel it,sis. -tl

]ligtt speeds, ]lowevt,r, llie coneepl of it ehiinge in

|'tile of clinil) is ideniicltl to |lie voncepl o[' It chitilKe

in nligle of Itllnc](. Tllus, Ill high forwlu'd sl)et,ds ,

it is tiei'n_.issili]e Io use i|le correclion |is n Ctilulge

in angle of allllck given by

AW

Aa-=ian 1_i, (30)

It nlay be noted t tull niititnqnalici/lly lho wind-

tunnel corre('lions for it. wiiig lipi)rt)lic]l hifhiilv its

lilt, v(qt)city ll[)[)l'Ollt']lt'S Z('l'O Still'iv ])t'('lillSl' AO_ is

Aw

lll k(ql its A'_IDII " rlith('r ltuni tlui -_ -i_. Tilts ])re-

Selils no reiil difliculi,v iii itst'lf sin('(, llle r('l)i'est'ii-

llllion of lhe wal,:e, whi('h i)liss(,s dire('lly down-

sli'elilii, is hot)eh,ssly ilitide(lllli[e long beftwt, t]ic

sn ulll-n ng'l(, li_suiiil)l ion ilil ro(hi('es siKni[i(.linl

orrol's.
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I [

(b) Avcrnge int(_rfercncc' velocity.

FIGURE 20.--Concluded.

EFFECT OF OI,'F(:ENTERPOSITIONS OFROTOR

The (.ah.uhttions l)rcscntcd in this Pal)er have
1)et'n rt,stri('tet[ to the cast, ()f a rotor ('enter('(| in
the wh).({ ttnme[. It has l)et,n shown tltat for a

Wiltg (rt'f. 12, for (,xatttph,) the ('OtT('(+liolt [at'lOPS

will I)(, altt,rc(t by locating
or below th(, win(l-ttmm'l

t,ll't'('ts may l)t, ('XlR't'tt'd for

of X--90 °, th(,sc (,ll'c('ts are,

tit(+ wing either ahoy(+
('(,n((,r lint,. Similar

a rotor. F<)r the vase

of ('otlr,'-+e, idt, nti(.al to

thost' ah'ca(ly availal)h' for wings. For (,Xaml)le,

th(, symm(,try ()f (h(, wake in t}t(, wind (un))(q
('au.,+(,s the (.orre(.tion fa('tor to l)(, the same for

symmetri('al h)(.ations above or below tlt(+' ('enter

lint,. For skew angles other than 90 °, the wak(,

of a rotor err,ritually ])asses ('los(, to the floor

r(,gardh,ss of wht, thct' it is al)ove of l)('h)w the

wit)(l-tu)m('l ('(,))t('r lh)(,; ('o))s(,qtie))t)v, th(, (.())'-
r(,(.timt factors will dilft,r for locations at)art, an<l

bt,h)w tht, win(l-ltttm(,l (.(,mcr lint,. Sitw(, at vt,ry

h)w .'+l)('eds the lttnne| floor alone a('('ottnts for the
major part t)i' tht, hxterft'ren('e, it wou[(l l)e eXl)e('t(.,([
thai th<' inl(,rf(,r(,tw(' will b(, less for l<)('ations at:or(,

the <',,))it,)" lint, (fart ht,r from th(, floor), and grt,at(,r
for h)(.ations l)(,h)w th(' ('t,ntt,r tim' (m,ar(.,r the

lh)or).

APIq, ICATION TO WINGS

The (.orr(,sl)Ond(,n(.(, l)(,t w(,('tl t It(, ('orrections for

wings and rotors, 1)articuhu'ly for o--0 wh(,)'(, a

knowl.,dge of th(' shat)(' of the lifting me('hanism

is imlnaterial, l('a(ls ((i mt,v(,ral int(,r(,sting con-

('h)sio),s r(,ga)'(li)_g j('t-b<)un(htry ++orr(,<.tions for
wings.

First, note (Iig. S) that the ('orr(,('tion fro'tots

art, al ('r(,(l only slightly by wake sl+u,w angles ia
tilt' l'tlllg'(' ,'.,,.,:,o/ .</t( o ,',,,) _.x-30 . lh(,s(, skew angh,s ('or-
)'('St}Of (I ('O tit(' t)taximum v,-ake (h'lh,('tions that

art, a.laim_l)h, will) simph, winks. 'Fh(, very
small ,ll'(,<.t. or tht,se small wal<.(, (h, lh,(.tions is tlm

r(qtsor thal it has Iiot l)(,(,Ii fotut({ n('('(,ssa]'y to

a('('ou)Lt for th(, a('ttml wake (h,lh'('tion when ('()nl-

l)u(itq, th(, ('orrt,('tion fa<'tors for wings.
S(,e+)t)(l, )+o((' th)t( if a htrg'(,r w+tl,:(, (h,fh,('tion is

atlain,,d, tht, n t])('r(' tony l)(, +'onsid(,)'al)Ic chang(+
in th(, j('t-l)oundary ('ot'r(,ction. Su('h ]arg(' <Icl](,('-

lions m: imh,t,d (,n('oun((,r(,d in low-si)(,(,(l win(I-

tmme tes(s of most v('rti('al-taJ<,(,-()ll'-an(1-hm(ling

aircra't. In such cases, i( may I)e pr(,feral)h, (()
use th., pr('s(mt results ])y Ii))(li)) K +m ('I|'('(qive skew

'tl')gh' t)as('(t ou total lift rath(,r lima (o alt('mp(1()

a('('ou it for the ('orr(,(+tion+ on th(, basis of tit(' jet-
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boui,dary-illdu('(,d hit('.rf(,l'(,._('(, v(,lo('iti(,s ('ollll)(lt('(]

for II wilig wilh no will-:(, (l(,/h,('tioll.

CONCLUSIONS

This study of the jet-1)outldary ('orr(,('tioits for

liftilig rotors ('eill(,r(,d ill l'(,('tiillgltl_li' wi,l,I tunll(,ls

]las pi'ovid(,d ziitlili,,'i('_ll vlllil(,s of lhe j(,t-boulldliry-
('_)rr(,('tioli f_i(.tor. Stu(lv of til(,_(, 1Hlill(,ri('_ll

vllhlt,s ilidi('lit(,s th(, followillg (._)ll(.hisiolls"

I. At high sl)(,(,ds (w_l]<(' sk(,w ll,lgl(,s n(,lir ()()o),

th(, j(,t-bound_try ('oH'(,('tioils for II ,'otor _lr(, th(,

s_liil(, _ts tho,_(, for _l wilig.

2. AI v(,i'y low sl)(,(,ds (h)w sl,:(,w _lllgl(,s), th(,

corr(,('tiolls lift, htrg(,ly d(,t(,rtilill(,d t)y ill(, wind-

tumlel /Io(,r; in tit(, ('ils(,s ('otlsi(h,r(,d th(,r(, is _l

birg(, tu,ill(,1-ilidu('(,d Ul)W_lsh _lt ill(, roto,'.

3. Ill('r(,_l._ilig ill(, rotor siz(, (l(,crt,_tses ill(, jot-

bo(lrid_try-('ol'r(,('tion f_l('lors for wi(h, wind tullli(,ls
but, h_ls litth, ('fft'"t if th(, r_ltio o1' width to heiglit

is signiti('_lzltly loss thrill 1.0. Th(, eff('('t of rotor

siz(, is gr(,lll(,si lit lh(, low sl,:i,w llllgh,s which

ri,l)Z'i,s(,llt t,ovi,riill_ lind tl'lliisitioli [light.
4. Th(,r(_ is z_o wilid-iuml(,1 width-h('ight r_ltio

l).ltlOng th(, ('lis(,s ('oHsidt, r(,d whi('h r(,sults il_ a

Z(q'O-('()lT('('iiOll wind t_m,_(,l t]lrotighout t]l(' (,ntir('

5. T]l(' wilid-l(lilmd-in(hl('(,d iill(,rf(,r(,ll('(, vi,lo('-

ily will bo highly lioiHlniroriii ov_,r th(, rotor (tick

if th(, rotor is llii'g(, with r(,sl)('('t to th(, wind-tulin(,!
wi(lth. The lloil,iliiforlilitv _tlolig the loligitudimd

axis c_tus[,s lllllj()l" ill(.l'(,lis(,s ill 11_|(_ ('orl'('('liol/s lit,

th(, r(,_lr rotor of talid(,lil }l(,]i('opl(,l's.

(;. Th(, will(l-ltttllil,l (.orr(,('tiolls _ll'(, tll<)r(, _q)l)ro-

1)rilitt,ly ('olisi(l('i'('d its :i ('htllig(' ill rlit(' of ('lhill)

rillhi, r ltillil il_ (.hlilig(! ill llli7|i, of iillil('k. ('oli-

sidl, rlllih, ('ill'l, will t)(, rl, tluir('(t hi 1}1(, ;il)])liclitiOli of

lli('_(' ('ori'(,('lioli_ Ill v(,rv low forwilr(I Sl)t't'ds.

LANGLEY ICE]SEAR(3H CENTER,

NATIONAL AERONAVT[(!S AND _PACE AI)MINI,_,TtiATIi)N,

]_AN(iLEY FIELI), VA., January 11, l.q60.



APPENDIX A

CORRE('TION FACTOR FOR A WAKE OF VERTICAl, I)OUIILETS ABOVE A SOLII) I.OWER BOUNDARY

The jei-lloundnrv-('orre('iion fa('tor for a wake of vert!cal doubh,ls M)ove a :_)1i(I]ow(,r boundary

i: Izi\en by the la:i three term: of equation (19b) a:

V ;I_r -- _ )i--t_i_Jx,11,-11--1 IAI)

where, l'l'Oln,'qmliioll (ITb),

\

_"("" ): )_÷( +(klW
..)÷(..)

][( i 1(;7;/' J" " t/ = £" -

co_ X-- H :in X 11 Jr l -F /1

f ,Z ,1" .£ 2 "J '_

.+'"<__(./)+(k)'+(k) ].
,," ,I! 2[_(,,)+(:,_ :_: ,. ,,_._ ,,._

fA2)

()nly lhe cclllt,r of the rolor is considered hel'ehi; Ihelel'oi'e, .r y .: () hi (,qllllliOli (A1). Then

sul)sliilllhi K eqiilllh)n (A'2) iiilo equation (A1) Kivt,_

24_(( --i"il: X l all:X, :_:-I-[ l-i cos X,i ]'tiin_X ]_--I)8,,, -- 7r ._'1 t inn::( 4 rosX _ ilulX:inX)(1-7 (_I fail:X@ uo<_x t taiix._il_x)_ l_lltii:x

F --2 F2 _'o:x ]_-t- ia,__xLi2--=,i.J._x (2i (_ +ilul_X--cosX+lilnX,_inX)(1-Lllul_X) :,:

--l-f cosx;l+tlln_x X] :_} (A3)--[(_ l -- llili _ X--cOs X i lllii X sill X)_ 1-+ liili _

1
Equlition (A3) lllav 1)(, COliSiderllhlv .<ilnp|ified by nolh g" the id,,niity_ i-I-IIIII7 X =-

('0,_ X
T] I llS,

Of

2"v ('os _>X ') _ 1 vos'-' X
,,.... -t- - . - (A4)

_r 1 t ros:_X_ _ingX] ' 1 4cos-'X-t _in"x -t-4-1-(,--co+_:X-t _in:_X)l_
• cos X ,I('os :_X ('()s 2 X / cos X ('o:_:_

lind. [hiillly,

(' )(_.. .... 0 7 -- ) S'II:-X ('OS:zX 11C0:445-{-_-i-_ ('()<12 X

_,,:--7(_,.,,_,x+/)

('t5)

(A_i)
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APPENDIX B

CORRECTION FACTOR FOR A WAKE OF HORIZONTAl, I)OUBLETS ABOVE A SOLID LOWER I_OUNDARY

The jet-bound_ry-_'orreclion [_tctor for _t wal,:0 or horizont_d doul>h,ls above _l solid lower bourld-

ary is _Zivt'n by the |_tst I'mu' torms of e¢lmttion (27) ns

where, from t,qmtli<m (25b

(,,,:, ;>)K H' J/' =-

(;,)(;,)

,," .r _ I/ ' i" 2 :i .r . 2 ;r 2 7] _ Z" 2

(B2)

Since only the center o1' lhe rolm' is considered }wrein, ,r:!l=::= 0 in eqm_tion (P,1). Now sub-

slilute etlmtlion (B2) into etttm.lion (l),l) to oblain

_- t.an:-' X-t cosX _lan X sin X) I'-t.an:-' X) :'2 + (h,n(%1T talf2X_bco:';x_X_ sin X_, 1- tan2 X)lan(lxsi._ ,',,s X._lX)_( 1 Tti_,_X)_t..: x)

+2siu x(--242.{,osx} +
(2-- 2 {,<}s X}2(4

12111 X

(_ l-_-tuu_x--cosx_ tau xsin X)(1-ffhm:X) :.2

__ 2t.H:IX __ 2(tan_- _,l+t*,ll2X) _ q
(X l+tan='X-+-tanX)(l+ l'ln2x):*' (_, l_-tan'x--lanX)2( l+tan2X)l

(B3)

Simplifying t,qmttfl)t_ (B:¢) yields

6,_=2_ __.1 _sin X 1 t'os:*X '> cos:* X)(lsi,,xco.4, x+si,,xcos:_ x 4l--cosx +bsi,,x--"_r \2
B4)

sin x

or, not it W that i--eosx=
1 + cos x, viehls

sin x "

(_w=" (,"4111 ,_ I ,'4' '_X ('_.)_' X-- _,_lll' X l -- 2 co,@ X)

53
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TABI, E I

JET-BOUNDAItY-COI{RECT/ON FACTOI{S FOR CL()SEI) I:tECTANGULAI}_ WIND TUNNELS

('t) 7- 2.0

Skew

x, dog

0

14. 04

26. 56

45. 00

63. 43

75.97

84. 29

90. 00

0

2. 341

2. 126

- I. 664

--. 94 l

581

--. 543

--. 546

--. 545

Corr(_('tion faclor for a of

0.1 0.2

2ZT,£ .....
_9 070 --1 92(1 !

Ii 638 11 ,5(i.} _

--. 536 --. 524

537 --. 525

534 --. 523

0.3 0.4
.... I

--1.817 1. 55l

--1. 713 l--l. 486
i

1. 456 I -- 1. 314

--. 912 ' -. 886

.549 .528

506 --. 481

507 483

--. 504 480

0.5 0.6 _ 0.7 0.8 : 0.9 0.95

13(,,,- 1(}9(I ,,:,2,-0 0 -{} ,14
- l . . -- - . (i(}(}

. . 7,2 ] --. 728 . 65,} - .5.}1 .559

--. 506 .483 I -. 463 .444 --.-128 .420
i

--. 454 - .427 I .4(}{) --. 375 .352 - .344

• 456 .430 I .402 --.378 .356 .348
--. 454 .427 : --.4(}1 .377 ---.355 .348

I
I

(1}) 'y 1.5

Skew
angh!,

X, deg

0

14. 04

26. 56

45. 00

63. 43

75. 97

84. 2 {}

90. 00

i--1. 780

I 619

274

73(.}

482

--. 467

475

, --. 476

I

0.1

-- 1. 729

-- 1. 596

-- 1. 264

• 737

• 479

--. 462

• 469

--. 467

(2}rreciion factor for a of --

: ] 0.6 0.7 0.8 0.9 0.95

' 0.4 0.5

0.2 [ 0.3

--1.390 !--1 242 1. 10(1 --0.972 --(1. 8,}{.1 --0.763 0. 720

--1.530 I 1.432 --1.314 --1. 187 !--1.063 .947 .843 .752 ] --.712

--1. 235 ,--1. 187 l. 123 l 046 ! .963 .878 I .796 -.721 _ _

--.734 ] -. 729 --.72l I --'7'0 .(;93 .672 I - .645 --.614 i .599

.475 .469 .462 ] 454 .44,5 --.438 I --.4::11 --.427 .426

--.458 --. 452 --. 444 I 435 . 426 --. 417 .40 .404 --.402
465 459 434 426 420 41 (i 415--. --. --.451 ] .143 . . --. --. --.

- . 463 .... . 457 . 450 441 433 425 -119 . 416 . 415
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TAI_IA'] I. -(?(m('luti*'d

JI'TF-B()UNI)AI(Y-(_t)I(I(E(VFIt)N FACT()RS F()R (_L()SI+iI) RECTANGUI,AI_ WIN]) TUNNELS

(c) _-= l.O

iL

Correction fa_ for for o- of-

,";k ( 'w a n,l_]t!, .........

x, (|e_ I I
0 0.2 _ 0.4 I 0.6 0.8 0.9 0.95

-- 1.28_,

1. 184

--. 9111

• 525

- . 19 1

-. 520

• 5-13

• ;')45

- 1. 253 -- 1. 160

1. 157 1. 087

• !)49 . 919

• 624 .626

• -193 --. -196

-. 519 -. 522

.539 .5-I.l

• 533 .543

()

I-1. 0-1

2ft. 56

15. t)o

63. -13

75. 97

S.l. 29

90. Illi

! ..............

• - 1. 039

--. 991

• s_72

• (12_

- . 501

--. 5;*,0

• 553

--. 552

--0. 916

--. 888

• Y,12

--. 629

--.511

--. D-ll

- . 57o

• 5fi9

--0. 860 --0. 833

--. 838 --.815

--. 781 --. 765

• 629 i . 629

-. 519 i .523

• 554 .560

- . 5S2 .589

• 5_2 .5St)

((t) 7--0.5

(h)rreclioli [a 'lot for o- of

_kt'XX ;ili_lt', ;

i 04 i !
o I o ti o.s o._ o.:_5

............... i .........................

(I I. (il6 I. (ili-t -0. _,tSS

14. 04 --. !i75 I --. 95S --, 951

26. 56 --. S!)2 --. 877 --. 876

-15. O0 --+ 8t)7 .792 --. 797

53. 43 --. _,7(i --. 856 - . 866

7;5. 97 • 986 .950 .97-I

$4. 29 I. i)'./7 1. i)02 - 1. 021

9(I, i)O I. t)-l(i - 1. 018 - l. 034

I). 95!1

• 938

• 874

-. 806

-. 884

• 99!)

I. (14!)

1. O62

O. 946

• 922

• 87O

-. 819

• 912

1. 037

1. O92

1. l()li

i O. 933

--. 912

• 868

-. 828

• 93O

l. 0fi3

I. 121

I. 135

_ __ +
-0. 926

-. !ill7

-. 867

-. 832

• 9-t I

1. 078

1. 137

-- 1. 153
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TA BIA'3 II

JET-BO17NI)AIiY-('()RI(E('TI()N FA('T(HIS F()li I_F,('TAN(;ITI.kll WINI) TUNNEI,S ('I,{)SEI)

()N B()T'I't)M ()NI,Y

(a) ,y :2.[)

V __ ____ _Skew (_()rr(,(qi(m facior for a of
] angle,

| x, (1(,_ I
0 0.1 0.2 ().3 0.4 0.5 0.6

17 1. 605

14. (74 I. 497

26. 5(i I. 226

45. 00 .631

(13. 43 . I_1

75. 97 .1)57

_4. 29 .016

] 9O. {)() . (7O{;

8_2 -- 1. _32 I. (192

--1. 40-1 --1. 3S5 1.323

--. 633 .634 .635

IS1 , . 1_,1 ]F¢I
i

. (}(12 . ()(il I • (7(;()

(722 i 021 I 019
{} () . ()03

i

l. 35-I

-- 1. 2_5 1. (7_M

I. (7!)!) . !){;0

• (;27 .6(77

• IS2 ,182

• 053 . ()4N

• (712 , (){7(i

• Oll ! .017

I
1. 126 ! {). 932

• 905

• 826

• 573

• 183

• o43

• (7(7I

• {725

0.7 (7._ 0.9 0.95

i
i

{). 773 -(7. {i.13 0. 538 i-i), 4(,}3
--. 755 - . (iBl -. 530 --..IY,(;

703 597 , 5(7(i i . 165

• 52S -..175 1 ' -119 ] .392

• IN, I . 18,4 . 182 . IS()

• ()3(i {)2_ .019 .014

• (71o .020 .031 .037

• 035 ; .045 .058 .065

I

_k(Bv

allgh,,

()

1.I. 04

26. 5(i

45. {7{7

63. 43

75. (.)7

84. 29

90. {}{}

0 0.1

]

• {77{) . O79

033 033

• (783 .083

• 112 . Ill

0.2

1. -135

1. 2!7S

• 987

43(i

• (fin

(7;}4

• O84

• 113

0.3

(I)) -¢:= 1,5

(!(}rr(_eli(}n fat{or for a of

1. 313 (1). 1731. 2(7-1 . 091

• !)43 884

4:_(i 4:H

• {)78 . O77

O37 . (74(7

• 087 . 0!)(7

• I l(i .120

0.4 0.5

I. 03(7

.... 97O

814

,12!)

O75

()44

096

125

0.6

O. 8{)4

• 852

72,(i

•. 419

• O73

O5O

• 102

.132

0.7 0.S

--(7. 771 (}. 662

• 741 --. (H 1

• (iS(i 579

• 4(77) 380

--. 070 . {7{i(_

• 057 . O65

• Ill) . 119

• 140 15(7

0.9 0.95

d
-(7. 5(i8 i (7. 525

i
• 551 . 511

--. 5(1(i

• 351 .335

• 0(12 - . (7(i{7

• O75 . (780

• 131 .137

I(il . IGS
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TABLE II.--Conclude.!

JET-BOUNDARY-C()RRECTION FACTORS FOR RECTANGULAR WIND TUNNELS CLOSED
()N BOTTOM ONL_

(c) 3'= 1.0

I

Skew "mgh' (_orr(!clion fact,_r for o" of

! 0 0", 0 4 0., ! o.s 0.9 0.95x, (le_ ............... " ...................... L-- "

...... , ...._ .... "................ ........ I.............. I --0 q(i0 --0 927 --0 829 --0. 702 --I) 563_ 0. 505 --0. 474
0 " 847 -'8')') - ' 748 645 --.531 --.474 44614. 04 --. ..... --"

26. 56 --. 601 --. 51.11 --. 557 --. 502 --. 430 --. 390 --. 370

45. 00

113. 43

75. 97

84. 29

(.)0. 01}

--.195 .196 --.193

.072 .070 .075

• 174 .1711 .178

• 224 . 217 •224

• 250 . 241 . 228

i

-. 185 -. 170

• 085 .099

• 190 . 210

• 237 .258

• 21il . 282

--. 15(.)

• 109

• 223

• 272

• 296

--. 153

.115

.231

• 281

• 304

(d) _=(I.5

..... Corr(.iqionfact,r for aof i

Skew angle, ......................... ,.........
l x, (h,_ [
i ' 0 0.2 ] 0.4 0.6 0.8 0.9 0•95

0 0. 265 --0. 267 --0. 25(.) 0. 231i 0. 208 - 0. 192 0. 184

14. 0,1 --. 201

26. 56 --. 061

45. Ill) . 11.12

63. 43 .395

75.97 .482

84. 21.1 .514

911. 011 . 524

• 2111

- . 072

• 176

• 374

• 451

• 473

• 475

--. 199

• 066

• 181

• 383

• 464

• 487

• 48(.}

--. 182 .159

• 056 --. 042

• 181.1 .20 I

• 400 . 425

• 487 . 52l

• 511 .551)

• 514 . 553

-. 147

--. 034

• 209

• 442

• 5-15

• 577

• 580

--. 1.t0

--. 030

• 213

• 451

• 559

.592

• 596
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(I)) T=:1.5

Skew Corr(!ction factor for (_ of

X, d('g l i 0.7 0.80.1 i 0.2 0.3 0.4 0.5 0.6

--1. 555 I I. 431 I 0.877 O. 765
1.421 I I. 325

0

14. 04

26. 56

45. O0

63. 43

75. 97

84. 29

90. O0

1. 671 i 1. 641

-- 1. 508 /. 485

-- 1. 156 146

• 597 596

296 295

244 243

239 238

239 238

1. 118 I. O73

• 595 .593

• 293 .289

• 24O ...... .235

• 235 .23O

• 235 .230

1. 28S

1. 2O(.)

1. {)11

• 587

284

.229

• 224

. 224

1. 142 --1 0O3

1. 085 _ 96:_• (.}37 856

578 564

• 279 .273

• 221 .213

• 2 !(i .2O8

• 2 | fi .2O8



{)0 'FI,_'CHNICAI_ REPORT I{--71--NATIONAL AEt,C,()NAUTI(_-_ ANI) SPACE AI)M1NISTH, ATION

TABLE III.--(?onchzdect

,IET-B()UNI)AllY-(_OI{I_ECTI()N FA(7['()t/S aw FOR \VIND-TUNNI_]L FLOOR ONLY

(} --1. 114

I1.04 -- 1. 005

26. 56 --. 77(1

15. 00 --. 3!)8

63.-t3 --. 1!17

7;3. 97 t --. 163
i

$4. 2(.1 _ --. 159
i

90. O0 . 15!1

-- 1. ()7,_

• (.)78

--. 75(.)

--. 397

--. 1(.16

--. 161

--. 15R

--. 15,_

--(i. 984

--. 91)7

--. 727

--. 3!)(i

--. 191

--. 158

--. 155

--. 155

--0. 85!) --0. 730

--. 806 --. 696

--. 674 --. 607

• 391 --. 383

--. 190 --. 185

--. lSg --. 14(i

--. 14) --. 1-12

--. 14 ) --. 142,

--0. 669 --(P. 639

--. 642 --. 616

--. 571 --. 552

--. 37(i --. 372

--. 182 --. 18[

--. 142 --. J40

--. 139 [ --. 137

--. 138 --. 136

0

I-I. 0-t

')6. 56

•15. I)0

63. 43

75. 97

84. 29

9(I. O0

(d) -¢:0.5

('(}rr(,etion facto' for a of

I
0 0.2 0.4 0.6 0.8 0.9 0.95

--0. 557

--. 503

--. 385

--. 199

--. 099

--. ()8 l

--. 080

--. 08(1

--0. 553

--..19(.)

--. 3_q4

--. 199

--. 0(19

--. 08 I

--. 08(1

--. 08(1

i

--(}. 539 --(1. 51

--. 489 --. -17

--. 380 --. 37 i

--. 199 --. 19';

_ . ()_18 i . ()_}L;

--. 081 --. 08 )

--. 07!) --. 07-;

--. 079 --. 07 _,

--0. 492 --0. -t77

--. 453 --. 442

--. 363 --. 358

--. 198 --. 197

--. 097 --. (19(i

--. 079 --. 078,

--. (177 --. (177

--. (/77 --. (177

--(1. -1(19

--. 435

--. 354

--. 197

--. 09(i

--. (178

--. O7(;

--. 076
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TABLE IV

JET-BOITNDAIi'f-C()RI_E(VFI(tN FA(',TORS F()R A

WAKF, OF II(H_,IZ()NTAL I)()UI*,LETS IN

A ]H':(_TAN(',t;I_AI_ WIN1) TI;NNEI,

(:l) (:hl_ed wind lllnnel

Skow (.',orrecliOll l';l(.I(ll" for 5 of
ltlll_10_ X_ ......

., . 1.5 ! 2.0

I
(} .1.012 1. 329 1. S ll , '2.3,_(i

1,1.04 --. !)59 1. ()SS I. -100 ! 1. S77

26.56 -.841 --. Sll 1. (il)5 ] 1.316
-15. 00 -. 645 --, -177 --. 5-I1 -. 676

43 --. -143 --. 27.1 -. 283 ] -.63. 341
i

75. 97 --. 253 --. 1.11 . 1-t2 --. 172

84.2q --. 108 -. 056 'l .(157 i -.069 ,,
90. 00 0 (} ! 0 , 0

i

(I)) _3,'hid llinuttl chin(,d Oil l)ollonl Oll].V

_kl!W (1orrl'clioli flit'lor for 7 of

angle, X .................
de_

_0.5_ 1.0 1.5 2.0

- ........ ;7 3:0 --0.307 --1. 114 --1.836 (i i

14. 04 --. 142 --. 864 .... ]. -196 - -'2. 2li

26. 56 (i18 : --.SP_!t --1. 112 1.656

45. 00 . 165 --. 264 --. 650 --. 986

63. 43 . 161 --. 129 -. 403 --. 683

75.97 10!) --. 111 --.351 --.58!t

_4. 29 . 0.15 --. 121 --. 338 -. 548

9(l. 00 --. (}0S --. 136 --. 335 --. 526

(C) _,Vind-lulincl floor ollly

Skew (_orr('tqion fli(q()r for _ of

•Ingle, X, _ __--E ..............
deg

0.5 1.0 1.5 2.0

t
0 --0. 637 --1. 273 --1. 9111 --'2. 546

14. 04 --. 523 --1. 046 --1. 568 ') 091

26. 56 --. 384 --. 769 --l. 153 --1. 537

45. 00 --. 218 --. 437 --. 655 --. 873

63. 43 --. 131 --. 262 --. 394 --. 525

75. 97 --. 102 --. 204 --. 306 --. 408

84. 29 --. 088 --. 176 --. 264 --. 352

90. 00 --. 080 --. 159 --. 239 --. 318

TA BLE V

(_OMPARIS()N ()F JET-I_I()UNI)AIIY-(_()I{RECTI()N

FA('T()RS _,,, I,'()1i A SMALI_ II_)T_)R (x_90 °)

ANI) F(tI{ .%. S,MAIJ, WING (IIEF. 3)

(1() (ilO_(!(l V;iild (lllllll'i

5,,, for I

.... Wing....... I R(,tor i

0. 5 --1. 048 --1. 0-t1_

I. 0 --. 548 --. 545

2. 0 --. 548 --. 545

(b) Wind t ilnno] ('lo,_('d on 1)olloin [)lilv

_w for---

,),

0.5

1.0

2.0

Wing Rotor

0. 524 0. 524

• 250 .250

0 0



(32 TECHNICALREPORTR 71 NATIONALAERONAU3[CSANDSPACEADMINISTRATION

TAI'_LEVI
(_()MPAI{IS()N()FJET-B()UNI)A]tY-C()I{I_I_CTI()N
FACT()RS_,,,F()RA R()TOR(× ,70 ° ) AND FOI{ A

WING (REF. 111 IN (TL()SI,:I) _5,1NI) TUNNEI,S

(a) 7 = 2.0

_, for

a Win_

0

2

-1

5

(i

7

8

!!

Elliptic
lo,tding

--0. 548

--. 516

--. 450

--. -t 16

--. 388

--. 37O

--. 3fi(i

--. :_;7S

Uniform

loading

--0. 54_

--. 5O8

--. -124

--. 37-I

--. 37(

--. :¢(L

--. 371

--. 43_

i

Rotor

--(7. 545

--. 523

--..18(7

--. 45-I

--..127

--. -l(I 1

--. 377

--. 355

[ l_illiptic
loading

0 --(1. 548

• --. 55(I

--. 5fi2

--. 59D

--. 654

--. 718

(b) "_= 1.0

5w for--

Unifort I
load in

--0. 541

--.55:

--. 5fi ¢

--. fil )

--. 721

--. 87)

a Wing

Rotor

--(1. 545

--. 533

--. 543

--. 552

--. 569

--. 582

U.$. GOVERNMENT PRINTING OFFICE: 1961


